ABSTRACT: The heads of submarine canyons represent a critical link in the transfer of sediment from terrestrial sources to deep basin sinks. Here we report data on grain size, bathymetry, and geochronology from twenty-five modern submarine canyons that suggest this link to be very sensitive to the distance between the canyon head and the shoreline, and, to a lesser extent, wave energy. These data show the width of this zone filters the caliber of sediment delivered into deep water, which has significant implications for understanding sediment budgets and the distribution of reservoir and seal facies.
INTRODUCTION
Since the late 1930s (e.g., Daly 1936; Shepard 1941; Heezen et al. 1964) it has been recognized that large submarine canyons are found along most continental margins and function to localize turbidity-current flows. With improved technology for imaging the sea floor, and the deployment of current monitors and sediment traps in some submarine canyons, the scale and distribution of these canyons has become better defined and their role as conduits for transferring sediment from terrestrial sources into the deep basin has become better understood (e.g., Piper and Savoye 1993; Khripounoff et al. 2003; Paull et al. 2003; Smith, et al. 2005; Oliveira et al. 2007; Harris and Whiteway 2011) . Indeed, as observed by Normark and Carlson (2003) , every major submarine fan in the world is fed by a submarine canyon.
This appreciation for the significance of submarine canyons has been part of a greater collective understanding of continental margins that resulted in recent years from large-scale, integrated studies of modern systems (e.g., Nittrour et al. 2007 ). This perspective has led to placing ancient and modern sedimentary systems in a source-to-sink (S2S) context, where sedimentary environments are viewed as part of a continuum from up-dip source areas of sediment production, routing of sediment through fluvial systems to the coastal plain and marine environments, and dispersal to their ultimate sink in the deep basin (e.g., Sømme et al. 2009 ). The S2S approach stresses understanding the sediment production, flux, storage, and the connections between sedimentary environments, with an ultimate goal of quantifying and predicting sediment mass balance and the partitioning of sediment by volume and grain size through different parts of the dispersal system.
The confluence of new high-resolution bathymetric data sets and numerous published studies on sediment fluxes and transport mechanisms on modern continental margins now makes it possible to reach a better understanding of the controls on sediment transfer to deep water. This paper explores three questions that pertain to the prediction of sediment transfer between near-shore and deep-water environments:
1. What factors control how and when sediment moves from the shelf into deep water? 2. Are existing models for sediment transfer into deep water consistent with data from Quaternary systems? 3. Can we use the understanding of how and when sediment moves from near-shore to deep-water environments to make better predictions of reservoir presence and sand percent in a wide range of tectonic and climatic settings?
Existing Models for Sediment Transport from Near-Shore to DeepWater Environments
The apparent paradox of many modern canyons that are clearly inactive with thick, sand-rich accumulations in both extant submarine fans and deposits interpreted to represent deep-water deposition in the rock record has led to the development of several models to explain how and when sediment moves to deep water.
Sequence stratigraphic models developed by Exxon Production Research Company (EPR) in the 1970s and 1980s recognized that relative sea level (i.e., the combined effects of eustasy and subsidence) exerted a strong control on sediment delivery to deep water (Vail et al. 1977; Vail 1987; Jervey 1988; Posementier and Vail 1988) . These models called upon relative sea-level fall, which could be driven by a combination of eustatic and tectonic factors, to expose the continental shelf and bring fluvial systems to the heads of submarine canyons to establish the connection between fluvial and deep-water systems (Mitchum 1985; Vail 1987; Posamentier and Vail 1988) . EPR models predicted deposition of sandrich, deep-water fans during relative sea-level falls when the shelf was exposed and sediment was purged from incised valleys (Fig. 1 ). During relative sea-level rise, the fluvial to deep-water connection was broken and a condensed section was deposited in deep water. Although Posamentier and Vail (1988) proposed that sand deposition was most likely in deep water during relative sea-level fall, they acknowledged that sand-rich fans could locally occur in other conditions. These models have been useful exploration tools because they provide a reliable first-order understanding of the connection between fluvial to shallow marine and deep-water systems, and the resulting deposition of reservoir and seal facies, especially in passive-margin settings like the Gulf of Mexico and Congo Basin of Angola.
In contrast to the sequence stratigraphic models of the 1980s, Covault et al. (2007) , , and used highresolution seismic, bathymetric, and geochronologic data from Quaternary systems to understand how the interaction between sea level, climate, shelf width, and the location of littoral cells controlled the volume of sediment delivered to deep water. The approach of these studies was different from earlier work because the focus was on the detailed observations during a small slice of the stratigraphic record in the Quaternary, a time of highfrequency, glacially driven sea-level change, and they did not explore the impact of tectonic subsidence. These models were developed using data primarily from the California Borderlands, where the continental shelf is relatively narrow and where alternating arid to humid climatic cycles can deliver a large volume of sediment during high sea level (Fig. 2) . recognized that globally, during the late Quaternary, the greatest volume of sediment was delivered to deep water when sea level was low, but local variations in climate and shelf geometry produced conditions where the maximum sediment flux could occur along any position of the sea-level curve (Fig. 2) . Blum and Hattier-Womack (2009) and Blum et al. (2013) proposed a third model for the controls on sediment flux to deep water. This geometric model recognized that cross-shelf transport of large volumes of sediment by marine processes was inherently process-limited, and stressed the distance between the shoreline and the canyon head as the main control on the timing and caliber of sediment that would be delivered to deep water (Fig. 3) . Blum et al. (2013) considered feeder river and shelf gradient, and the amplitude of high-frequency Milankovitch-forced sea level change, to be the primary controls on shelf width, such that shelf width, W s , scales as
where DSL ¼ amplitude of Milankovitch-driven sea-level change, and S ¼ slope of feeder river system. From this model, Blum et al. (2013) postulated different connection times for mixed sand to mud populations vs. mud only. They suggested that connection times would be inherently longer, with preferential mass transfer of the sand fraction, in a short-steep system with a narrow shelf in the modern icehouse world, compared with a large, low-gradient icehouse system. Connection times would also be longer in a greenhouse world of low-amplitude, low-frequency sea-level changes, compared to a sediment-dispersal system of similar scale and gradient in an icehouse world with high-amplitude, high-frequency sealevel change (see also Sømme et al. 2009 ). Both the and Blum et al. (2013) models therefore infer that sand deposition can occur in basin-floor settings under a variety of relative sea-level positions and rates of change. An objective of this paper is to test the Blum et al. (2013) model with data from Quaternary systems.
Sediment Movement Across the Shelf
An understanding of how different grain-size populations move from river-mouth sources across the shelf is fundamental to understanding sediment transfer to deep water. It has long been recognized that most of the sand fraction is conserved within the zone defined by longshore currents. Bruun (1963) developed a conceptual model for conservation of mass within a specific depth on the shoreface, largely to predict shoreline response to sea level rise. This ''depth of closure'' was defined as the depth at which waves can no longer transport sand. Allen (1970) later showed that breaking waves result in a net landward-directed shear stress that conserves sand alongshore and limits transport, in most conditions, across the shelf into deeper water. He termed this process the ''littoral energy fence.' ' Hallermeier (1981) determined that the maximum depth to which sand could be transported by wave energy (d l ) is
where H s is local wave height, T s is wave period, and g is acceleration due to gravity. Hallermeier (1981) calculated that, depending on wave energy, closure depth for sand could range to 20 m to 40 m along high-energy coastlines, and showed that calculated values are consistent with observations of the maximum depth to which sand was observed on the seafloor in a number of locations along the coast of the United States. Given that shoreface slope is typically 0.5 to 28 (Stutz and Pilkey 2002) , the distance from shoreline to closure depth would be on the order of 0.5 to 5 km, and the probability of transport by wave-generated currents decreases as depth increases within this narrow shore-parallel zone (e.g., Peters and Loss 2012) . This result is consistent with modern longshore transport along the eastern Gulf of Mexico coast where exceedance of threshold velocity for sand transport is generally confined to depths , 12 FIG. 1.-Posamentier and Vail (1988) sequence stratigraphic model for the timing of sediment movement from rivers to deep water. This model highlights the importance of exposing the shelf by dropping sea level to connect rivers with submarine fans (upper panel). Their notion that deposition of levees was related to the absolute sea level low as shown in the lower panel has been disproved by more recent work that shows that submarine fans and levees are genetically related and active at the same time. After Posamentier and Vail (1988) , their figures 2 and 3.
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J S R m, and within 1 to 4 km of the shoreline (Stone and Stapor 1996) . As closure depth is a function of wave height, larger waves can transport sand farther from the actual shoreline than smaller waves, but measurements of sand distribution on modern shelves (Hallermeier 1981; Howard and Reineck 1981; Palanques et al. 2006) suggest that waves and wavesupported currents are, in general, not capable of moving significant volumes of sediment in the basinward direction across wide shelves.
Sand transport alongshore occurs in cells that include sources for sediment (river mouths, eroding headlands, older inner-shelf sands) and sinks. Most transport cells along depositional coastlines like the Gulf of Mexico have length scales of tens of km (Stone and Stapor 1996) , and rates of longshore transport within cells, although inherently difficult to quantify (see Pilkey and Cooper 2002) , can exceed 0.075 to 0.15 Mt/yr (million tons per year). For comparison, this mass of sediments is approximately two orders of magnitude less than the mass of sand delivered to coastal oceans by large rivers like the Mississippi (about 10-30 Mt/yr; Allison et al. 2012; Blum and Roberts 2014) , but is likely comparable to the discharge of sand to coastal oceans by many smaller rivers.
Muds, by contrast, are initially transported as plumes from the river mouth, but after reaching the bed, either by plunging or through settling, can be re-entrained by storm waves and other currents, and moved farther across the shelf as fluid muds through a combination of gravitationally driven and wave-and tide-supported currents (Traykovski et al. 2000) . Even the mud fraction, however, tends to accumulate in shoreline-parallel bands unless it encounters a submarine canyon (e.g., Hill et al. 2007) .
Detailed bathymetric and grain-size data from the California coast (Howard and Reineck 1981) and the Gulf of Lion (Palanques et al. 2006) corroborate this view of coast-parallel nearshore sediment transport (Fig.  4) . Data on bathymetry and grain size from the Gulf of Lion indicate that Holocene sand in this area is restricted to water depths of , 30 m and to distances of , 5 km from the shoreline, whereas Holocene mud is restricted to water depths of , 100 m and distances of , 50 km from the shoreline (Fig. 4) . In the Gulf of Lion case, neither the sand or mud fraction of these Holocene sediments impinges on the heads of canyons that fed the currently inactive Rhone Fan (Droz and Bellaiche 1985; Bonnel et al. 2005 ).
Submarine Canyons: The Connection between Shelf and Deep-Water Systems
Many previous models for deep-water deposition have stressed the importance of submarine canyons as feeders for sediment to deep water (e.g., Normark 1970; Mitchum 1985; Vail 1987) ; however, other workers have differentiated line vs. point sources for sediment to feed submarine fans (e.g., Heller and Dickinson 1985; Reading and Richards 1994) : line source is used to indicate a broad area of the shelf margin across which sediment transfer would occur, versus a distinct point-source canyon-feeder system. Examination of Quaternary systems, however, shows that all major submarine fans are fed by submarine canyons (Normark and Carlson 2003) . Published examples where canyons feed submarine fans, or fed them during the last glacial period, include the Amazon (Damuth and Kumar 1975) , the Mississippi (Normark et al. 1986; Weimer 1989) , the Zaire (Babonneau et al. 2002) , the Bengal (Weber et al. 1997) , the Rhone (Droz and Bellaiche 1985) , the Indus (Prins et al. 2000) , the Nile . The schematic depositional model shows the geography of a hypothetical continental margin. From top to bottom: a high-latitude system fed by melt water pulses; a low latitude system with a wide shelf where connection occurs only when sea level is low; a low latitude system with a narrow shelf where connection occurs regardless of sea level; and a low latitude system with maximum sedimentation caused by a shift to a monsoonal climate during sea-level rise. Republished with permission from the Geological Society of America, , their figures 3 and 4. (Ducassou et al. 2009 ), the Danube (Popescu et al. 2001) , the Astoria (Carlson and Nelson 1969; Nelson et al. 2009 ), the Var , the La Jolla (Covault et al. 2007) , and the Golo (Gervais et al. 2006) . In some cases there is one long-lived canyon (e.g., the Zaire), whereas in other cases multiple canyons may feed the fan at different times as fluvial avulsion and delta-lobe switching changes the location of pointsource sediment input (e.g., the Gulf of Lion, Berné and Gorini 2005). Given that fans are fed by canyons, by definition a point source, we differentiate sediment transferred to the canyon head from a longshore drift system vs. that transferred directly from a river mouth.
We also note that data on Quaternary systems suggest that the excavation of canyons is not, in and of itself, a significant contributor of sediment to submarine fans. Normark and Carlson (2003) observed that the ratio of canyon area to the area of their associated fans ranges from 0.15% to 17% with an average of 4%. To further examine this issue, we calculated canyon volume for the Bengal Fan ''Swatch of No Ground,'' the Danube, and the Monterey canyons, where we had adequate bathymetric data and river-discharge data. The modern sediment discharge from these rivers and longshore-drift systems could fill their canyons in 400 to 2000 years (Table  1) , even with sediment flux that is much reduced from their pre-Industrial levels by dams and other human activities. In the same way that previous studies have shown the excavation of incised valleys provides a sediment volume that is only 5 to 10% of the normal flux through the system (e.g., Burgess and Hovius 1998; Blum and Törnqvist 2000; Blum et al. 2013 ), our new data show that canyons act as conduits, but their excavation does not materially contribute to the growth of submarine fans. Hence, the direct flux of sediment from hinterland source terrains through the fluvial feeder system, rather than recycling of previously stored sediments, accounts for the overwhelmingly greater part of sediment necessary for the growth and development of deep-water depositional systems.
Factors Thought to Control Sediment Transfer to Deep Water
Research on sediment transport to deep water over the last 50 years has identified a number of controls on when large volumes of sediment can be transported to deep water.
Sea Level.-It is well documented that many large fans like the Mississippi (Normark et al. 1986 ), Amazon (Milliman et al. 1975; Normark et al. 1997) , Nile (Ducassou et al. 2009 ), and Rhone (Bonnel et al. 2005 ) are currently mantled with pelagic ooze, and that active deposition ended as global sea level began to rise 15 to 20 kyr ago. Sealevel positions below À100 m would put the shoreline proximal to the heads of these canyons. With relative sea-level fall, rivers extend their courses across emergent shelves and transport sediment to shorelines on the outer shelf, to what was referred to as the staging area (Posamentier and Kolla 2003) , where marine processes can disperse them to the heads of submarine canyons. Hence, it is clear that relative sea-level change FIG. 3.-Blum et al. (2013) geometric model to illustrate the effects of shelf width and sea-level change on sediment transfer from river mouth to the head of a submarine canyon. The starting point of this figure is the closure depth (i.e., the observation that sand is confined to within a few kilometers of the shoreline and the mud can be advected longer distances across the shelf). The closure depth is shown by the yellow line labeled sand dispersal limit. Given these observations of the conditions needed for sediment transport across the shelf to the canyon head, a range of shelf gradients from shallow passive margin (0.001) to steep active margin (0.01) are provided along with sea-level curves for last 120 ky of glacial eustasy (icehouse) versus an inferred eustatic curve for time periods without large polar ice caps (greenhouse). The figure shows, for example, that for icehouse conditions with a low gradient, mud transfer from river to canyon head would be predicted to occur from about 65 ka until about 15 ka, whereas the canyon head and river would only be close enough for sand to transit between about 30 ka and 17 ka. Reprinted from Blum et al. (2013) , their figure 33, with permission from Elsevier.
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Shelf Width. -Walsh and Nittouer (2003) , Blum and Hattier-Womack (2009) , Warrick and Farnesworth (2009), and Normark et al. (2009) proposed that shelf width exerts a major control on the quantity and caliber of sediment that is transferred from coastal to deep-water environments. Fans associated with wide shelves, typically in passive-margin systems like the Mississippi and Amazon, are currently undergoing slow rates of pelagic deposition. In contrast, fans along active tectonic margins with narrow shelves, like those on the California coast (Covault et al. 2007 ) and the Var Fan in the Mediterranean , have been shown to be sites of significant deposition at present. Walsh and Nittouer (2003) presented data on shelf width, sediment flux, and the percentage of sediment bypassed to deep water (Fig. 5) . They demonstrated a correlation between shelf width and sediment supply and observed that, in modern interglacial highstand conditions, a higher percentage of sediment was transferred to deep water along coastlines with narrow shelves. However, the link between deep-water deposition and shelf width or tectonic setting is not simple. The Zaire Fan is an example of a passive margin fan with a broad shelf that is presently active (Khripounoff et al. 2003) . In this case the fixed location of the Congo River is thought to have allowed the Zaire Canyon to cut headward across the shelf though several sea-level cycles since the Pliocene (Babonneau et al. 2002) . Observations such as these suggest that shelf width is an important boundary condition, but at a more fundamental level, the distance between the canyon head and shoreline is a better indicator of the likelihood of sediment transfer to deep water than shelf width alone.
Climatically Driven Changes in Sediment Flux.-Even where a connection could occur due to relatively low sea-level positions, or proximity of the shoreline to a canyon head, sediment delivery to deep water may be supply-limited. For example, during the Last Glacial Maximum, aridity in the Nile drainage basin resulted in reduced sediment flux to deep water compared to the later period of rising sea level, when TABLE 1.-The volume of three submarine canyons compared to the sediment discharge of the rivers feeding them. River discharge was cited in terms of tonnes/year. Converted to m 3 assuming a density of 2.65 g/cm 3
. To determine the volume of sediment that was evacuated to form the canyon (sediment volume of canyon) the canyon volume was measured using bathymetric data. Seventy percent of this volume was assumed to be sediment (the remaining thirty percent is assumed to be porosity). climate in the headwaters of the Nile was wetter (Ducassou et al. 2009 ). Similarly, low sediment flux on the Toyama Fan off of Japan was observed during the Last Glacial Maximum due to cold, arid conditions in the source area. Sediment flux increased from ca. 18 to 7 ka as the climate became wetter (Nakajima et al. 2009 ). Similar patterns of onshore aridity affecting deep-water sediment flux during low stands of sea level were observed in the California Borderlands by .
Subsidence of the Shelf.-From interpretations of ancient strata, a number of workers (Jervey 1988; Posamentier and Vail 1988; Posamentier and Kolla 2003) propose that rapid subsidence across the shelf could act to trap sediment in shallow marine environments and prevent its transfer to deep water. For example, in the Gulf of Mexico basin, the Oligocene is known as a time of rapid growth-fault development along the shelf margin, which has long been interpreted to have trapped large volumes of sediments, and, by inference, reducing flux to the deeper basin (Brown et al. 2004 ). Numerical models of subsidence on continental margins by Reynolds et al. (1991) suggest that high rates of subsidence on the shelf should result in narrow continental shelves; lower rates of subsidence were related to wider shelves. This result suggests that high subsidence rates could correlate to higher sediment flux to deep water as shelf width is inversely correlated to high sediment flux to deep water (Fig. 5) . In the modern world, shelf width scales to the size of feeder river systems (Blum et al. 2013) , which suggests that the synoptic shelf width is fundamentally a reflection of surface processes, and subsidence plays a very subordinate role. Regardless, our interest here is a process-based linkage over a short time scale, and to our knowledge there are not adequate data over these timescales to more rigorously address the effects of subsidence on sediment movement to deep water.
METHODS
To test the hypothesis that shelf width, or the distance between canyon head and shoreline, exerts a strong control on the movement of sediment from near-shore to deep-water environments, we mined published literature for twenty-five submarine canyons to compile data on the grain size of sediments observed on the sea floor ( Fig. 6 ; Table 2 ) (from cores, submersible dives, and multi-beam images), age of surficial deposits, evidence of sediment movement from repeated multi-beam surveys or current monitors, sediment source (direct fluvial-deltaic feed versus longshore drift), and sediment flux. We also measured distance from the canyon head to the shoreline from published maps or Google Earth TM , and distinguished three types of systems: 1) longshore-drift-fed systems, where we measured the distance from the canyon head to the shoreline (Fig. 7A) ; 2) river-fed systems, where we measured distance between a single river mouth and the canyon head (Fig. 7B) ; and 3) delta-fed systems with multiple distributary channels, where we measured the distance from the head of the canyon to the nearest point on the shoreline of the subaerial delta plain (Fig. 7C) . We restricted this study to canyons where core data FIG. 6 .-Location of the studies of Quaternary submarine canyons and fans used in our analysis. The numbers on the map correspond to the numbers in Table 2 to allow a cross-reference of fan name, data, and location. Image from ESRI Ocean Basemap. are available to determine the grain size and age of sediment at the floor of the most recently active parts of the canyon, and excluded published studies that were solely based on interpretations of seismic data. In looking at reported grain-size data, we paid special attention to the coarsest fraction. Nonetheless, our examples cover a wide range of systems from narrow shelves and comparatively small canyons and fans like the Var and Golo in the Mediterranean, to very large passive-margins systems such as the Mississippi and Amazon (Fig. 6, Table 2 ). These data have clear limitations. Compared to modern fluvial or deltaic systems, sampling in submarine canyons and fans is very sparse due to greater costs and operational difficulties. Because of the difficulty in getting core data, geochronological data are more limited than in modern studies of terrestrial and nearshore environments. It can be less clear which parts of the canyon are active, as it is difficult to make direct observations during turbidity current flows. In some cases, like the Mississippi and the Bengal systems, core data were available only from the upper fan channels. Some systems like the Var, Monterey, and La Jolla are extremely data rich with numerous cores, current-meter data, repeated multi-beam surveys, and detailed mapping with submersibles. In other cases, like the Bengal Fan, we had access to more limited bathymetric data, and sparse core or 2D seismic data. Given the limitations of the data that are available, we chose examples that had the minimum of data needed to answer our research questions, but also gave us a wide geographic spread (Fig. 6) .
RESULTS
Plotting the distance from canyon head to the shoreline vs. the four grain-size bins (gravel, sand, silt to clay, calcareous mud) reveals a consistent trend between distance from canyon head and the grain size of the youngest sediment in the axes of these canyons (Table 2; Fig. 8 ). Of the twenty-five canyons in the study, sixteen (64%) show evidence of late FIG. 7 .-Examples of how distances from canyon head to shoreline were measured in this report. A) Longshore-drift-fed system (La Jolla Canyon, California). Double arrow (D) shows canyon to shoreline transect. B) Direct river-fed system (Congo River/Canyon, Angola). C) Delta-fed system (Ganges Delta, India). Double arrow (D) shows distance from canyon to shoreline. All images are from ESRI Ocean Basemap.
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Holocene sediment movement and nine (36%) are mantled by calcareous sediments and considered inactive. Although limited data are available from the literature on the percentage of sediment that is transferred from fluvial, deltaic, and littoral systems to deep water, these data support the view that net sediment transfer to deep water is a function of the distance from canyonhead to shoreline (Figs. 8, 9 , Table 2 ).
Gravel-Floored Canyons
Two canyons in our dataset are characterized as active with gravel-size sediment known to have been transported during the period of historical monitoring. The Var River in southern France is a high-gradient stream with headwaters in the Alps, and a river mouth that discharges coarsegrained sediment almost directly into the head of the Var Canyon, which is less than 300 m from the shoreline (Mulder et al. 1998; Savoye et al. 1993) . Fresh, gravelly sediment waves have been observed by submersible dives within the canyon, and are visible on back-scatter images of the canyon floor: some of these waves are composed of blocks of concrete from the 1978 Nice airport collapse (B. Savoye, oral communication 2007) .
Moreover, large sediment gravity flows have been documented in association with spring floods (Mulder et al. 1998) .
For the Monterey Canyon, Paull et al. (2005) used vibracores and submersible dives to document abundant pebble to cobble-size clasts and sand that mantle the floor of the upper canyon, and showed that 50 to 80% of the upper canyon floor is covered by this coarse-grained sediment. The canyon head comes within 0.1 to 0.2 km of the shoreline (Table 2) , sand is fed into the upper reaches of the canyon primarily by longshore drift with subordinate direct fluvial input (Smith et al. 2005) , and current meters indicate that turbidity flows competent to transport sand in Monterey Canyon are commonly triggered by winter storms (Paull et al. 2003) .
Sand-Floored Canyons
Seven canyons in our dataset are floored primarily with sand (Table 2) . For this group, the distance from canyon head to shoreline ranges from 0.8 to 5 km from the shoreline. Five of these canyons (La Jolla, Huememe, Redondo, and Fraser Island) are fed primarily by longshore drift, one (the Zaire) is fed by direct river discharge into the head of a long-lived canyon that has cut headward across the shelf into the estuary, and three (Gioia and Mesima canyons and the Knight Inlet) are fed by deltas. Fraser Island is the canyon farthest from the shore at 5 km. In this system, strong longshore currents move sand to the tip of a spit and the canyon lies 5 km from that point. Current meters and sediment traps show that sand deposition from turbidity currents is ongoing in the Zaire Canyon (Khripounoff et al. 2003; Cooper et al. 2013) . Repeated multi-beam surveys show significant sediment movement at Knight Inlet (Conway et al. 2012) . Radiocarbon dating of associated plant debris in La Jolla Canyon (Paull et al. 2013 ) and OSL dating of sands offshore Fraser Island (Boyd et al. 2008) show that in these canyons there is active sediment transfer during the very late Holocene.
Mud-Floored Canyons
For seven canyons in our dataset (St Nazare, Kao-Ping, Sepik, Eel, Indus, Astoria, and Bengal), Holocene sediment is primarily clay and silt. The distance from shoreline to canyon heads ranges from 1 to 35 km (Fig.  10) .
Within this group, the short, high-gradient Kao-Ping River in Taiwan is distinct, because the canyon head is within 1 km from the shore, and the Kao-Ping River discharges sediment during storms with concentrations sufficient to generate mud-rich hyperpycnal flows directly to the canyon, while much of the sand fraction is reworked by a strong littoral cell and moved away from the canyon (Liu et al. 2002) . Hence, even though modern deposits in the canyon are mud rich, there is also a significant sand component. In the case of the St Nazare, the dominant grain size at the seafloor is mud, but parts of the upper canyon mantled with silty sand and turbidity-current-derived sands less than 150 years old are found below a thin layer of mud in other parts of the canyon (Stigter et al. 2007) .
In contrast, the Indus and Ganges-Brahmaputra deltas have active, muddy, subaqueous clinoforms that reach the heads of their respective canyons (Currie et al. 2002; Clift et al. 2014; Rogers et al. 2015) , which have eroded headward and now penetrate 100 km or more into the shelf. Based on calculation of sediment flux, Goodbred (2003) estimated that two-thirds of the sediment load of the Holocene Ganges River is trapped in the delta and delta plain, and 1/3 passes down the ''Swatch of No Ground'' Canyon onto the Bengal Fan, which is known to have been active throughout the Holocene (Weber et al. 1997 ). In the Eel River case, clay and silt is transported within the littoral cell to the head of Eel Canyon (Hill et al. 2007) , and turbidity currents have been observed within the canyon itself: Hill et al. (2007) estimate that 50 to 80% of the clay-and silt-size sediment supplied by the Eel River during the period of measurement has been transported through Eel Canyon to the deep-water basin.
In our dataset, the single most common connection for sediment transfer is where canyon heads intersect a longshore-drift system. This scenario occurs in 46% of the examples. Direct fluvial input into the head of a canyon occurs in 27% of examples, whereas connection between a delta and the head of the canyon (including muddy subaqueous deltas) occurs in 27% of examples, hence a direct fluvialdeltaic connection comprises 54% of the sample dataset. The large number of longshore-drift sources may be due to sampling bias towards the well-studied systems of the California Borderlands, where there are narrow shelves, strong longshore currents, and canyons that penetrate across the narrow shelf into longshore-drift cells. This could also be a scenario that is more common when sea level is high, and canyons are already well established, such that headward erosion makes it more likely to intersect a longshore-drift source rather than a specific rivermouth or deltaic source. It may also be more likely that, during periods of low sea level like the Last Glacial Maximum, direct connections between canyons and river mouths, or a broader deltaic distributary system, were more common. As argued by Pratson and Coakley (1996) , loading of the shelf margin by fluvial deltaic sediments may be the primary mechanism by which canyons are initiated then grow headward. In fact, we envision a common scenario to be initiation of canyons during cross-shelf extension of river mouths in response to sea-level fall, with initial loading of the margin from muddy delta-front clinothems, followed by headward growth of canyon heads and intersection of river mouths or longshore-drift cells. Canyons are maintained as conduits as long as sand is delivered to the canyon head, but are then eventually filled by mud when the sand supply is removed (e.g., Walsh et al. 2007 ).
Inactive Systems
Nine of the canyons (NW Sicily, Oceanside, Golo, Nile, Mississippi, Danube, Rhone, Fly, and Amazon) in our database are characterized by deposition of a thin veneer of carbonate-rich mudstone or ooze, which suggests very low rates of clastic influx. In these cases, distances from canyon head to shoreline range from 5 km to 300 km. Three canyons form small and steep systems, the Golo (Corsica), Oceanside (California), and NW Sicily, are , 10 km from the shoreline; in the Oceanside case, a littoral cell transports sediment away from the canyon head ). The other inactive canyons are linked to relatively large, lowgradient fluvial systems with broad shelves (Rhone, Nile, Mississippi, Danube, and Amazon), where the river mouths are now 35 to 300 km from canyon heads.
The Amazon case is particularly informative. Bathymetry of the modern Amazon shelf shows that the canyon head is at a current water depth of À100 m and that the mouth of the Amazon River is separated from the canyon by a broad, shallow shelf (Fig. 10) . Milliman et al. (1975) initially recognized that sediment delivery to the Amazon fan ''turns on and off'' as sea level falls below, and rises above, À40 to À60 m during glacio-eustatic cycles (see also Maslin et al. 2006) : this depth essentially corresponds to the foreset-bottomset break of the Holocene subaqueous muddy clinothem (Nittrouer et al. 1986 ), which now extends . 100 km across the shelf from the actual subaerial shoreline, but is still about 75 km from the canyon head. Hence sea-level fall to positions below À40 to À60 m would result in FIG. 9.-Cross-plot of the percentage of sediment transferred from the shelf to deep water as a function of distance from canyonhead to shoreline. Numbers refer to canyons in Table 2 . Dominant grain size is color coded. In the case of the Eel (16) and the Astoria-Columbia (18) 
FLUVIAL-SHALLOW MARINE TO DEEP WATER CONNECTIONS
J S R progradation of the broad muddy subaqueous clinothem foreset to the shelf margin, connection of the muddy faction of sediment discharge to the canyon head, and a ''turning on'' of the Amazon fan. However, the more concentrated mixed sand and mud fraction associated with the river mouth would not connect until sea level was very low, and the river mouth was very close to the canyon head. Radiocarbon dating of sediments in the Amazon Fan channels indicates that the maximum rates of extension of the channel-levee system occurred between 22 ka and 16 ka (Maslin et. al. 2006) , which corresponds to the last glacial maximum, when global sea level was at À90 m or lower (Siddall et al. 2003; Peltier and Fairbanks Siddall et al. 2003 . Bathymetric data were generated using the Global Multi-Resolution Topography (Ryan et al. 2009 ) using GeoMapApp http://www.geomapapp.org/.
2006), and presumably when sand was being delivered to the canyon head. Fan shut-off then occurred at about 12 ka when sea-level rose to about À50 m (Maslin et. al. 2006) .
Based on our analysis of the distance that mud and sand can be transported across the shelf, we would predict that sand deposition on the Amazon would have ended between ca. 17 to 13 ka when sea level rose above À80 m: mud deposition would have been reduced by ca. 13 ka when sea level rose to À80 m, then ceased by the time sea-level rose to À50 m at ca. 11 ka (Fig. 10) . Hence, for a system with a wide shelf like the Amazon, the connection time for sand transport, and maximum rates of sediment discharge to canyons, will be inherently brief and correspond to sea-level positions at the shelf margin. For the last 100 ka glacial-interglacial period, sand transfer and deposition would have occurred for , 10% of the total time interval.
DISCUSSION
Data that we have presented suggest that close proximity between canyon head and shoreline (, 500 m for gravel, , 2 km for sand, , 40 km for mud) is a necessary condition for sediment transfer from fluvial-deltaic systems to deep water. This connection can be driven by eustatic fall, but it can also occur in tectonically active margins where the shelf is narrow (e.g., the California Borderlands), or on passive margins where a long-lived canyon has cut headward across a broad shelf (e.g., the Congo River-Zaire Canyon, the Swatch of No Ground Canyon of the Bengal system). The possibility also exists for deltas to build across the shelf and make a connection with submarine canyons even in periods of high sea level in areas of high sediment flux (Burgess and Hovius 1998; Carvajal et al. 2009; Dixon et al. 2012 ).
The Blum et al. (2013) connection model, discussed above (Fig. 3) , assumes that conservation of sand within the closure depth of the longshore drift system means that sand would be transported to deep water only when the river mouth to canyon head distance is less than or equal to 2 km, whereas mud would be transported off the shelf when that distance is less than or equal to 20 km. Using these distances, they illustrated the inherently different connection times between fluvial systems and canyon heads for low-and high-gradient river systems (wider vs. narrower shelves, respectively) under amplitudes of sea-level change that might be typical of icehouse and greenhouse conditions.
Our data support this model, as does published data from well-studied Gulf of Mexico systems (e.g., Prather et al. 2012; Sylvester et al. 2012) , which formed during late Quaternary glacial-interglacial cycles. More broadly, in the current icehouse world, large low-gradient systems with broad shelves, like the Amazon, Mississippi, Brazos, and Rhone, delivered significant volumes of sand to their respective canyons only during the last-glacial period of minimum sea level, whereas very steep-gradient (i.e., narrow shelf) systems like the Var and Monterrey still deliver sand, and even gravel, during the current sea-level highstand. Transfer of mud across the shelf margin occurs over longer time periods in all systems, but virtually ceases in moderate to large low-gradient systems with broad shelves during periods of high sea level like that of the present, when shorelines reside in mid-shelf or farther landward positions.
Our data suggest that the proximity of canyon heads to either river mouths or longshore drift systems is the first-order boundary condition that controls the grain size of sediment that passes into deep water. However, there are a number of controls that result in changes in the time periods over which connection with the slope and basin floor must occur for different grain-size fractions. As suggested in the literature for decades, relative sea-level change is the most important allogenic forcing mechanism because of the corresponding forced transits of river mouths and shorelines across the shelf. In the Blum et al. (2013) model, shelf gradient was treated as a self-formed continuation of the gradient of the river system that feeds the shoreline, and therefore as a function of the size of the river system. River slope is inversely proportional to drainage area (Flint 1974) , hence, in the Blum et al. (2013) model, larger systems have inherently low river and shelf gradients, and smaller systems have inherently steeper gradients. As shelf margins generally reside at common depths that correspond to periods of low sea level, low-gradient river and shelf profiles produce inherently wider shelves, whereas steep-gradient river and shelf profiles produce inherently narrow shelves (e.g., Fig. 5 ). It follows that physical processes that constrain the length scales of crossshelf sediment dispersal ensure that large, low-gradient vs. short, steepgradient systems have inherently different connection times, and produce inherently different stratigraphic signatures from the same cycles of relative sea-level change.
A second implication is that icehouse versus greenhouse intervals, with different amplitudes of high-frequency (Milankovitch) forcing from relative sea-level change, will have inherently different slope to basinfloor stratigraphic signatures. As noted above, if shelf gradients are linked to river gradients, then shelf widths scale to the amplitude of sealevel change. This relationship, in turn, provides for simple geometric prediction of shelf widths at times when the amplitude of high-frequency sea-level changes were different from the present icehouse conditions. For example, a moderate-to large-size, low-gradient river system that feeds a shelf that is 100 km wide during icehouse conditions, with DSL ¼ 100 m, would have a shelf that is only about 20 km wide in a greenhouse world with DSL ¼ 20 m. This model is consistent with previous discussions that inferred fundamentally different stratigraphic signatures from Milankovitch-scale forcing during icehouse vs. greenhouse periods (e.g., van der Zwan 2002).
A number of other controls play critical roles either in general or in specific cases. We summarize these here as follows:
1)
The orientation of littoral cells relative to the location of canyon heads. Because longshore drift directions are determined by wind directions and coastline orientation, it is possible that longshore drift can advect sediment away from canyons that have penetrated the shelf.
2)
Consideration of closure depth suggests that a refinement to this model would be to include the effect of wave energy as a secondorder control on the duration of connection as this affects the distance to which sand can be transported across the shelf.
3)
Once a connection is established, climate and provenance begin to exert a control on the quantity and caliber of sediment supplied to deep water (e.g., Ducassou et al. (2009), Covault and , and .
Our data explain why some submarine fans have been active in the Holocene and others are inactive, but these data also have larger implications for understanding sedimentation and deep-water reservoir distribution for other periods of geologic time. A testable hypothesis is that during greenhouse times when sea level was relatively high and stable, and Milankovitch-forced high-frequency changes were minimal, longer-lived connection between fluvial to nearshore environments and deep water might have been more likely to occur. This scenario could favor the development of thick, laterally extensive sand-rich basin-floor deposits. By contrast, icehouse periods with high-amplitude Milankovitch-forced sealevel fluctuations and inherently wider shelves likely included repeated cross-shelf transits of river mouths and shorelines, and inherently shorter connection times between source and sink, especially for sand-size sediment. The resulting deep-water deposits will have a significant mud component and periods of basin-wide sediment starvation in deep water. With further research it should be possible to determine if, early in the exploration cycle, criteria such as shelf width, greenhouse versus icehouse conditions, and location of canyon heads can be used to help assign risk to
FLUVIAL-SHALLOW MARINE TO DEEP WATER CONNECTIONS
pre-drill assessments of the volume of sand present in a deep-water fan prospect.
CONCLUSIONS
Data from modern submarine canyons and fans indicate that all modernday submarine fans are linked to canyons. Data compiled from twenty-five modern submarine canyons show that active canyons mantled by gravel and sand occur where the canyon head is less than 1 km from the shore, whereas canyons characterized by active sand transport have canyon heads that are always , 5 km, and most commonly , 1 km from the shoreline. Canyons with active deposition of silt-and clay-size sediment have canyon heads that are , 40 km from the shoreline. Systems where the canyon head is . 40 km from the shoreline are generally inactive and characterized by deposition of thin, carbonate-rich pelagic sediments. Although distance from canyon head to shoreline exerts the primary control on the caliber and flux of sediment that is transported to deep water, especially for the sand fraction, other factors, including the strength and location of littoral cells and the presence of mud-rich subaqueous clinothems will exert a control on the quantity and caliber of sediment that is transported into deep water. Once a connection has been made, climatically driven changes in sediment flux and the volume and caliber of sediment derived from the source area will also exert a control on the volume and grain size of sediment present in deep-water deposits.
From an exploration standpoint, these data help refine existing sequence stratigraphic models that suggest that times of relatively low sea level represent the highest probability of sand deposition in deep water, especially in basins with wide shelves and in icehouse periods of highamplitude, high-frequency sea-level variation. Our data suggest that submarine canyons on the slope are necessary as a conduit for sand transport into deep water. It should be possible in frontier basins to identify these canyons (which can be over a kilometer deep) even on coarse grids of 2D seismic data. In basins characterized by narrow shelves, and/or in greenhouse periods that lack high-amplitude, high-frequency sea-level variation, it is possible for long-lived connections between submarine canyons and fans to occur, for example the Eocene Tyee Formation of Oregon (Santra et al. 2013) . In these cases sediment flux to deep water may occur regardless of sea-level position, and may be driven instead by climate, hinterland tectonics, wave energy, and the configuration of the continental margin. In these cases, given a connection to a large river, it is possible to develop extremely large sand-rich fan deposits, like the Paleocene-Eocene Wilcox deep-water play of the Gulf of Mexico (Sweet and Blum 2011 ) that represent the deposits of continental-scale river systems like the present Mississippi (Blum and Pecha 2014) , and formed during the Paleocene-Eocene Thermal Maximum, a time period of negligible ice volume and globally high temperatures (Zachos et. al. 2001 ). Sand-rich Wilcox strata extend more than 500 km from the equivalent shelf margin, and the entire Wilcox stratigraphic interval is . 2 km thick and covers . 100,000 km 2 in area (Zarra 2007 ).
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